The likelihood of an attack by a terrorist organization using a radiological dispersal device (RDD) is much higher than that of an attack with an improvised nuclear device or true nuclear weapon, as much less technical expertise is required to build an RDD. Consequently, there has been an effort to develop methods for age-dating radiological sealed sources in recent years. One such procedure, described by Steeb et al., is used for determining the age of 90 Sr sources. That procedure utilized a rather expensive extraction chromatography resin and was based on an uncommon apparatus with limited sample capacity for the separation step. The procedure also left the Zr fraction contaminated with the radioactive 90 Y daughter nuclide. The present work investigates using an alternative separation scheme that utilizes a less costly resin in a widely available column configuration and results in the isolation of 90 Sr's stable granddaughter, 90 Zr, without 90 Y contamination. This allows the zirconium quantification to be done with a mass spectrometer outside the radiological environment and increases the number of instruments capable of making the measurement, which could allow measurements to be made more quickly.
Introduction
Determining the age of radioactive material can provide insights on the material's origin and history [1] . Most radiological sealed sources are composed of isotopes that decay into isobaric daughters, which prevents their direct measurement using mass spectrometry, the most widely used method for isotopic analysis of stable elements. If mass spectrometry is to be used with such a system, the parent and daughter(s) must first be chemically separated from each other.
One radiological source material that has garnered attention due to the high-energy beta decay associated with its daughter ( 90 Y, 2.28 MeV), its tendency to deposit in bones when inhaled or ingested, and its relatively long half-life (28.8 years), is 90 Sr [2] . 90 Sr is currently used in a variety of commercial applications, including radiotherapy sources, blood irradiators, and generators for 90 Y to be used in medical procedures [3, 4] . Historically, 90 Sr was also used as a heat source in radioisotope thermoelectric generators (RTGs), some of the highest activity sources ever produced [5] . These large RTGs are of the largest concern, and were commonly manufactured with strontium titanate (SrTiO 3 ) and strontium orthotitanate (Sr 2 TiO 4 ) as the active materials, though several were also produced with strontium fluoride (SrF 2 ) [6, 7] . These sources were produced, primarily by the United States and former Soviet Union, from the early 1960s to the early 1990s [6, 8] .
A procedure for age-dating strontium sources was reported by researchers at Argonne National Laboratory (Argonne) and Idaho National Laboratory (INL) in 2013. That procedure uses extraction chromatography to isolate 90 Sr from 90 Y and its stable granddaughter 90 Zr, followed by quantification of each fraction using Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) [9, 10] . While this method works well, it requires the use of an ICP-MS that can handle radioactive material for both the Sr and Zr fractions. This limits the number of instruments that could be used in the event of an emergency, potentially
neglecting an opportunity to speed up analyses. Another drawback to the previously published separation is the use of a gas-pressurized extraction chromatography system (GPEC), of which only a few were ever made. While the GPEC system works, it is not widely available commercially and can only support an extremely small sample, making conventional mass spectrometric measurements more difficult than they need to be. Age dating techniques can be applied to measure the ''age'' of a 90 Sr source, corresponding to the time since its last purification when 90 Sr was separated from all daughter products. Knowledge of the date of purification allows determination of when and potentially where the source was fabricated. Age dating techniques require the measurement of a parent radionuclide and a daughter radionuclide. The ratio of the amount of daughter nuclide relative to parent nuclide allows calculation of the date of purification of the parent nuclide, or the date when no daughter nuclide was present in the sample:
where t is the elapsed time since purification, N D (t) is the atom amount of the daughter nuclide at time t, N P (t) is the atom amount of parent nuclide at time t, and k is the decay constant of the parent nuclide. Because the decay daughter of 90 Sr is also unstable, the isolation of only the parent and grand-daughter modifies this equation slightly:
where N GD (t) is the atom amount of grand-daughter nuclide at time t, and the subscripts P and D denote the parent and daughter decay constants. The additional term in Eq. 2 prevents a systematic bias of the purification date due to 90 Y constantly decaying away. However, because the half-life of 90 Y is short relative to that of 90 Sr, the additional term in Eq. 2 is negligible except in the case of short decay times.
An alternative separation procedure using DGA Normal Resin was proposed in 2015 but could not be validated for a variety of reasons [11] . The largest hurdle in validation was a lack of 90 Sr source material with a known pedigree that was also old enough to contain measurable quantities of 90 Zr. This work bypassed that issue by comparing results of the alternative procedure to results of the previously validated procedure using the same matrices. The alternate procedure calls for stable 90 Zr to be separated from both of the radioactive elements and quantified via ICP-MS, while a separate fraction is taken for the determination of 90 Sr using either liquid scintillation counting (LSC) or gas proportional counting. 90 Sr could also be recovered after 90 Zr elution and quantified on an ICP-MS capable of handling radioactive material, if convenient. Any of these options would allow quantification of the fractions in parallel instead of in sequence, potentially decreasing analysis time. However, if the Argonne/INL approach of adding isotopic tracers for Sr and Zr to compensate variations in element recovery from the columns is employed to maximize accuracy, only mass spectrometry could be used. It should also be noted that often times radiometric calibrants, especially those created for pure beta emitters like 90 Sr, have larger uncertainties associated with their activities (* 0.5%) than stable calibrants do with their concentrations (\ 0.3%) [12] [13] [14] [15] . This makes ICP-MS the more precise mode of measurement, even for an element with a less-constant natural abundance like strontium.
Experimental

Materials
Sr Resin, comprised of inert polymer beads loaded with 4,4 0 (5 0 )-di-t-butylcyclohexano 18-crown-6 in 1-octanol solution, and DGA Normal Resin, comprised of inert polymer beads loaded with N,N,N 0 ,N 0 -tetra-n-octyldiglycolamide were obtained from Eichrom Technologies (Lisle, IL) and used in all experiments [16, 17] . All columns were slurry packed using their 50-100 lm particle size resins. All resin products were used as received. Ultra-high purity solvents and reagents were utilized in the preparation of all standards and solutions to avoid unintentional contamination. Acid solutions were prepared using BDH Aristar Ò Ultra hydrofluoric acid (VWR Analytical), Optima grade nitric acid (Fisher Scientific), and Optima grade acetic acid (Fisher Scientific). All solutions were prepared with deionized water from a Thermo Scientific TM Barnstead TM MicroPure TM water purification system. Preparation of all standards and spike solutions was accomplished with certified elemental standards of niobium (1000 lg ml -1 , Inorganic Ventures), zirconium (1000 lg ml -1 , Inorganic Ventures), yttrium (1000 lg ml -1 , Inorganic Ventures), and strontium (1000 lg ml -1 , SPEX CertiPrep). The certified density of each standard was exploited to determine its concentration in terms of lg g -1 of solution. This allowed for mass-based dilutions, which reduce random and systematic errors. Where specified, samples enriched in 86 Sr and 92 Zr were prepared using material obtained from ISOFLEX (San Francisco, CA).
Procedure
Each column was slurry packed by mixing an amount of resin with de-ionized water (DIW), adding a portion to the column, pulling the solution through the column with a peristaltic pump until the liquid level in the column was just higher than the resin, and then repeating the process until the entire 1-ml column was filled with resin. The columns were 1-ml empty Bio-Scale TM Mini Cartridges (Bio-Rad Laboratories) made of polypropylene with a height of 38 mm and an inner diameter of 6 mm. Once filled, the column was closed and all separations were run with solution pumped in the reverse direction. All separations were run at room temperature, at a flow rate of 1 ml min -1 , with columns loaded at a rate of 0.5 ml min -1 . A picture of the column setup can be seen in Fig. 1 .
For initial testing, fractions were collected in certifiedsterile polypropylene vials (Corning Ò Centristar TM ) to reduce the potential for contamination. A weighed aliquot of 1 lg g -1 Nb spectroscopic standard was added to each vial, which was then diluted to the desired mass with 2% HNO 3 ? 0.01% HF for ICP-MS analysis. For high-fidelity measurements that were made later in the study, fractions were collected in 30 ml PTFE beakers and gently evaporated to dryness several times with concentrated nitric acid to remove organic residues that may have bled off the column, then transferred to a centrifuge vial already containing a weighed amount of internal standard using 2% HNO 3 ? 0.01% HF and diluted to the desired mass using the same 2% HNO 3 ? 0.01% HF for ICP-MS analysis.
Each Sr Resin column was pre-conditioned with 30 ml each of 1% acetic acid and 3 M HNO 3 ? trace HF solution. The column was then loaded with 0.6 ml of * 330 ppb Zr/Y/Sr (each) in the same 3 M HNO 3 ? trace HF solution. Following this, the column was rinsed with 5 ml of the same 3 M HNO 3 ? trace HF solution to Elute Zr and Y, and finally the Sr fraction was eluted using 15 ml of 1% acetic acid. The volumes used for these fractions were determined by applying a simple ratio to the fraction sizes used on the GPEC, based on the size of the GPEC column and the size of the Bio-Scale TM columns [9] . Over the course of the study, preconditioning was attempted with smaller fractions to expedite the procedure. No additional Sr, Y, or Zr were seen in the elution profiles during these tests. As a result, this volume was reduced to 10 ml for the high-fidelity measurements.
Each DGA Resin column was pre-conditioned with at least 4 ml each of 0.05 M HNO 3 and 1 M HNO 3 /0.2 M HF. Samples were loaded on the columns in 0.6 ml of the same HNO 3 /HF solution. Following the previously established method [11] , zirconium on the column was eluted with 5 ml of 1 M HNO 3 , and strontium with 8-10 ml of 0.05 M HNO 3 . Over the course of this work, these volumes were modified slightly for ease of collection, making the Zr fraction 5 ml and the Sr fraction 10 ml. In this procedure, yttrium is left on the column, though similar separation schemes suggested by Tazoe et al. and Jung et al. [18, 19] for the determination of 90 Sr in seawater indicate this could be recovered using 0.1-0.5 M HCl. Due to the low cost of the DGA Resin and the possibility of memory effects arising from reuse of columns, regeneration of the column was not pursued. Due to the short half-life of 90 Y, it is much more practical to store the column for a short period (approx. 4 weeks) to allow it to decay away. At this point, the Zr could be quantitatively removed in a small volume to regenerate the column. This would also prevent the generation of significant quantities of liquid radioactive waste.
Once adequate separation by both procedures was established, a reproducibility and recovery study was undertaken to gain statistical data on the recovery of the various elements and to make sure extraneous strontium or zirconium was not contaminating the procedure. Three columns of each type were packed, and separations were carried out using 86 Sr and 92 Zr enriched standards to determine whether natural strontium and zirconium were giving artificially high recovery numbers. Fractions were collected in 2.5 ml increments in order to expedite the process.
To validate the new procedure, high fidelity separations were undertaken with both resins. In these, the same precautions were taken as previously (PFA bottles for reagent mixing, sterile centrifuge tubes), but during ICP-MS analysis blanks were run between each sample and calibration standard, and each sample sequence was run twice (once forward and once in reverse sequence) to account for instrument drift. For these trials, five columns of each type were packed, and separations were carried out using natural abundance spectroscopic standards. Three unseparated ''spike'' samples were also prepared to determine the recovery achieved in the fractions and the Zr/Sr ratio of the load solutions. For these tests, load fractions were reduced to 0.5 ml to decrease the total time of elution.
Measurement
Elemental concentrations of Nb, Zr, Y, and Sr in each collected fraction were measured with a Perkin-Elmer/ SCIEX TM ELAN DRC-II Ò quadrupole ICP-MS (PerkinElmer, Norwalk, CT). This system was equipped with a SC-2-DX auto sampling system (ESI, Inc., Omaha, NE) and a discrete dynode detector. A Peltier-cooled cyclonic spray chamber (Model PC3, ESI, Inc.) and a low flow self-aspirating nebulizer (ESI, Inc,) form the sample introduction-system. All introduction-system components consist of PFA-Teflon Ò . All ICP-MS samples and calibration standards were prepared by mass and ratio-based data reduction and calibration formulas were employed to reduce systematic error, as recommended by Salit et al. [20] [21] [22] [23] .
The samples were analyzed in the pulse-counting mode with a dead-time correction of 62 ns set in the instrument software based on the average observed instrument dead-time from [ 100 previous measurements. The following parameters were utilized for each analysis run: a 100-ms dwell time, 15 sweeps per replicate, and 5 replicates per sample. All data were acquired in the quantitative analysis mode and were divided by the measured Nb intensity to account for instrument noise and drift. Detection limits for Nb, Zr, Y, and Sr on this instrument are typically 0.02, 0.01, 0.01, and 0.03 ng g -1 , respectively.
Results and discussion
Column studies
Due to their large size, the Sr column pre-condition fractions were not analyzed for Sr, Y, or Zr. Initial separations showed quantitative (or nearly so) recovery of Y and Zr in the rinse fraction with minimal tailing into the Sr elution fraction and * 97.9% recovery of Sr in the intended fraction. An elution profile of the Sr Resin columns can be seen in Fig. 2 . Fractions were collected in 1-g increments. This was encouraging, as it showed that the procedure developed for the GPEC would transfer well to conventionally sized columns and that the column setup was working as expected. Following this, trials were initiated using DGA Resin columns. Testing of the initial procedure indicated excellent separation but less-than-quantitative recovery for Zr. Some Zr appeared in the preconditioning step, likely due to the presence of Zr on the resin received from the manufacturer. No breakthrough of Zr was observed during loading, and 96.3% recovery was achieved in the proper elution fraction. Strontium recovery was 97.4%, and Y remained on the column with no measurable recovery. Figure 3 displays the elution profile of this first separation. Following this marginal success, subsequent separations were performed to optimize the elution strategy. It was found that changing the Zr elution fraction to the same 1 M HNO 3 /0.2 M HF solution that was used during pre-conditioning and loading increased the Zr recovery to C 99.5% without affecting the recovery of Sr. An elution profile of this final procedure can be found in Fig. 4 . The volume used for pre-conditioning was increased to 5 ml to ensure complete removal of latent zirconium prior to loading the To test the reproducibility of the new procedure and determine if extraneous zirconium or strontium could be contaminating the procedure, separations were carried out using 86 Sr and 92 Zr enriched standards. Average recoveries for these tests are found in Table 1 .
The results indicate that the excellent recoveries seen in the previous tests are reproducible and are not artificially high due to natural strontium and zirconium contamination at masses 88 and 90, respectively. After establishing all of this, a more thorough evaluation of the new procedure was undertaken to determine if it could feasibly be used in age dating activities. The results of these tests are found in Table 2 and Table 3 Regardless of amount loaded, the (Y ? Zr)/Sr ratios from these trials is similar to those of the load solutions, and recoveries adjusted for the amount loaded are within standard deviation of 100%. Unfortunately, the final evaporation of the Y ? Zr fraction of Column 4 was accidentally carried out at a higher temperature than the rest of the columns (175°C instead of 125°C), resulting in the residue baking onto the PTFE beaker. Because of this, the same dissolution practice that gave quantitative recovery for the rest of the columns resulted in recoveries of only 65% and 62% for Y and Zr, respectively. This drastically skewed the (Y ? Zr)/Sr ratio of the recovered material. Consequently, the calculated ratio was found to be an outlier using the paired t test [24] and this column was excluded from the average output ratio and the corresponding standard deviation shown in Table 2 . As expected, there does not appear to be a bias associated with the Sr Resin method, as the recovered (Y ? Zr)/Sr ratio/ spike (Y ? Zr)/Sr ratio is 0.995 ± 0.012. The same analyses were carried out for the DGA Resin columns using the data in Table 3 . All of these columns were loaded with 0.5305-0.5400 g of solution, and loading adjusted recoveries were within standard deviation of 100%.
Comparing the Zr/Sr ratios of the recovered and spike solutions shows that the DGA Resin method performs Resin methods, respectively. These are both in good agreement with the initial prepared solutions, which had a simulated age of 28.41 ± 0.06 years. 
Conclusions
The proposed alternative separation method using DGA Normal Resin has been tested and appears to work as well as, if not better than, the previously validated method using Sr Resin [9] . The new procedure does require the use of higher concentrations of HF to keep the Zr solubilized but makes up for this by not requiring as much sample volume to execute. The new procedure results in slightly higher recoveries and smaller recovery variation among experiments. While the difficulty of finding an aged 90 Sr source with a known pedigree precluded the testing of the system on an actual radioactive source, the method did match or exceed the performance of the established Sr Resin method in recovery and precision, and shows no bias with respect to recovery of one analyte over the other after separation.
DGA Normal Resin is already commonly found in many radiochemistry laboratories, while Sr Resin is not as common and much more costly to obtain. In addition, the previous method resulted in a small amount of 90 Sr being retained by the column that needed to be removed prior to re-using the column. While a regeneration strategy was not pursued in this work, the quantitative recovery of Sr and Zr when using DGA Normal would allow columns to be regenerated without producing significant volumes of radioactive waste from repeated rinsing. This could be accomplished by storing the columns for a short period to allow 90 Y to decay away followed by removal of the ingrown stable 90 Zr.
